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Cortical circuits can undergo experience-dependent
remodeling, while retaining the capacity for long-term
information storage. The stability of individual synap-
tic connections is fundamental to both processes, but
poorly understood; two studies using new in vivo
imaging techniques have finally shed some light on
this important issue.
How long do individual synaptic connections persist in
mature nervous systems? Despite progress made
towards answering this question for peripheral
synapses [1], until recently technical restraints have
prevented direct measurements of the stability of
synaptic connections in the intact central nervous
system. But now, two groups [2,3] have tracked the
persistence of individual dendritic spines over periods
of a month or more in mature cerebral cortex of
trangenic mice (Figure 1). As dendritic spines are
common sites of excitatory synaptic connections,
these observations provide the first direct information
on the stability of cortical synaptic connections. Inter-
estingly, the two studies reach seemingly contrasting
conclusions: one [2] that a surprisingly large fraction
of spines turn over on a daily basis, the other [3] that
the vast majority of spines remain stable over months.
Patterns of synaptic connection underlie all aspects of
brain function, from perception to learning and memory.
Initial establishment of synaptic connections is believed
to occur independently of experience. This is followed by
‘critical periods’ during which synaptic connections in the
developing nervous system can be permanently modi-
fied by experience. For example, the somatosensory
cortex of rodents receives sensory input from the
whiskers, which are arranged in a regular pattern across
either side of the snout. This topographic pattern is reca-
pitulated in the cortex in the form of clusters of neurons,
termed ‘barrels’, that respond preferentially to a single
principle whisker. Sensory deprivation applied early in
post-natal life, by trimming all but one whisker on one
side of the face, has shown that the area of cortex driven
by the spared whisker is enlarged in the adult, but the
overall layout of the barrel field remains unaltered [4]. The
visual cortex is also organized in a topographic fashion,
and Hubel and Wiesel [5] showed that monocular depri-
vation during development causes the cortical map for
eye preference to shift in favor of the open eye. Such
‘ocular dominance’ plasticity can also only be induced
during a critical period of map development.
The closure of critical periods defines the point
when experience can no longer cause large-scale
rearrangements of topographic maps, although the
adult brain must retain some capacity to reorganize its
functional connections in response to experience and
injury. There are several possible levels at which such
modifications could occur. Models of use-dependent
potentiation and depression — LTP and LTD — assume
synaptic transmission is plastic while patterns of con-
nectivity are unaltered [6]. There are also reports of
rearrangements at the level of axonal and dendritic
arbors in visual and somatosensory cortices following
major alterations in peripheral sensory inputs [7,8]. A
third possibility is that dendritic spines might mediate
experience-dependent remodeling of neuronal circuits
by forming or eliminating synaptic connections, without
large-scale rearrangements of dendritic or axonal
arbors. In support of this, whisker stimulation in adult
mice has been shown to increase total spine density in
the corresponding cortical barrel [9]. Furthermore, LTP
induction in slice preparations causes new spines to
emerge [10], and leads to an increase in the proportion
of axon terminals contacting two or more spines [11].
Importantly, these studies of remodeling and spine
plasticity have all been limited by inference from fixed
tissues or in vitro models, and yield only limited infor-
mation about the stability of cortical connections or
dendritic spines in the intact, mature brain.
Spine Instability in the Mature Barrel Cortex
To examine the degree of spine plasticity in young adult
mice beyond the critical period for somatosensory map
development [4,12,], Trachtenberg et al. [2] developed
a preparation for high-resolution imaging of barrel
cortex in vivo. A small intracranial window centered
over the barrel cortex of transgenic mice expressing the
fluorescent protein EGFP in a subpopulation of layer 5
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Figure 1. In vivo two-photon fluorescence imaging of dendrite
structure in cerebral cortex of an anesthetized transgenic mouse.
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pyramidal neurons allowed visualization by two-photon
microscopy of spines on layer 1 and 2 dendritic arbors
(Figure 1). The same dendritic regions could be identi-
fied from day to day, allowing long-term imaging of
dendritic structure. In acute experiments, few changes
in spine structure were observed. But in chronic exper-
iments, where the same region of dendrite was imaged
for eight consecutive days, analysis of spine lifetime
revealed a surprisingly high rate of spine turnover. On
any given day, the spine population was found to be
about 17% transient, 23% semi-stable and 60% stable,
with lifetimes averaging a day, 2–3 days and 8 days,
respectively (Figure 2A). Of the stable spines, 15% had
disappeared 20–24 days later, indicating that even rel-
atively stable spines turnover. These experiments also
revealed that, despite a high rate of spine turnover,
spine density was stable. Changes in dendritic struc-
ture were limited to spines, as no changes were
observed at the level of dendritic branching.
But not all synapses are on spines, and not all
spines bear synapses, so it is important to assess
whether spine turnover represents rearrangements of
synaptic connections. This led Trachtenberg et al. [2]
to take on the considerable challenge of using serial
section electron microscopy (SSEM) to reconstruct
two dendritic regions that had been imaged for 8 con-
secutive days. SSEM reconstruction of four spines
that appeared between the last two days of imaging
showed that two of them bore synapses, leading the
authors to conclude that at least some new spines in
the adult brain form synapses. They also report indi-
rect evidence that spine disappearance results in dis-
appearance of the synapse.
Trachtenberg et al. [2] went on to show that spine
plasticity could be modulated by sensory experience.
Sensory deprivation by whisker trimming increased the
pool of transient spines, with a concomitant decrease
in the fraction of stable spines. Electrophysiology
revealed that neurons in deprived barrels had altered
receptive fields, indicating a correlation between
sensory input, spine plasticity and reorganization of
receptive fields in the mature barrel cortex. The spine
instability observed in the barrel cortex of young adult
mice is surprising, and suggests that spine turnover
could mediate experience-dependent remodeling of
neuronal circuits at the level of individual synapses.
Spine Stability in the Mature Visual Cortex
Grutzendler et al. [3] took a similar approach to
studying structural plasticity of dendritic spines, but in
the visual cortex. They shaved down an area of skull in
transgenic mice expressing yellow fluorescent protein
(YFP) in layer 5 pyramidal neurons of the cortex.
Filopodia and spines on apical dendrites in layer 1 and
2 were visualized at high resolution through the thinned
area of skull using two-photon microscopy (Figure 1).
In relatively immature, one month old mice, two popu-
lations of dendritic protrusions were observed: highly
dynamic filopodia, which were long, thin and lacked
spine heads, 90% of which were seen to appear, dis-
appear, extend or retract over a four hour period; and
spines, only 1% of which extended or retracted over
the same interval (Figure 2B). In contrast to filopodia,
94% of spines were stable over three days, 81% stable
over 2 weeks, and 73% stable over one month.
Imaging of adult mice over intervals ranging from
hours to months revealed an almost complete
absence of filopodia (Figure 2B). Imaging over a range
of longer time periods also revealed remarkable spine
stability, with 99% remaining stable over 3 days, and
96.5% remaining stable over a month [3]. Despite
spine number and density remaining constant, mor-
phing of spine shape was observed, suggesting that
this may provide a way of modulating synaptic effi-
cacy. This high level of spine stability contrasts
sharply with that seen by Trachtenberg et al. [2] in the
barrel cortex. The long-term stability of spines in the
visual cortex suggests that synapses can be main-
tained over long periods, and could provide a struc-
tural basis for long-term information storage.
A Place for Plasticity and Stability
These two breakthrough studies [2,3] provide an
invaluable first glimpse into structural stability of synap-
tic connections in the intact mature mammalian brain.
The stability at the level of dendritic branches that
Trachtenberg et al. [2] observe has been assumed, as it
is difficult to imagine how information could be stored
long-term if major dendritic and hence circuit rearrange-
ments were ongoing processes, but this had never
really been tested. This level of structural stability at the
level of dendritic branches may provide a cellular
mechanism underlying closure of critical periods. But
the two groups come to strikingly different conclusions
about the degree of structural plasticity of dendritic
spines in the mature cortex. The stability of spines
observed by Grutzendler et al. [3] is perhaps more in
line with what was assumed about structural stability in
the mature brain. The high level of spine turnover
observed by Trachtenberg et al. [2] is more surprising,
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Figure 2. (A) Image of dendritic segment
in barrel cortex acquired over eight seq-
uential days. Examples of transient, semi-
stable, and stable spines indicated with
blue, red, and yellow arrowheads respec-
tively. (From [2].) (B) High-resolution con-
focal image of visual cortex showing abun-
dance of filopodia indicated by arrows, in
three week animals (top panel), and their
absence in four month animals (bottom
panel). (From [3].) (C) Fraction of spines
which turnover in the course of 30 days
for both groups.
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and one is left wondering what could account for the
differences between the two groups’ results. 
One possibility is that they classify spines differently.
Grutzendler et al. [3] distinguished filopodia from
spines, while Trachtenberg et al. [2] considered all
dendritic protrusions as spines. This could influence
the stability results, as Grutzendler et al. [3] found that
filopodia rarely persisted for more than several hours.
If Trachtenberg et al. [2] pooled in a significant number
of unstable filopodia, this could account for a large
percentage of their instability. But these would only
affect the results for one-day unstable spines, leaving
the 33% with longer (but unstable) lifetimes unaffected.
Thus, the inclusion of filopodia could make a small
quantitative difference, but would not significantly
narrow the gap between the two findings (Figure 2C).
Interestingly, Trachtenberg et al. [2] did group spines
into different morphological classes, including those
with well-defined heads versus those without. The
spines with heads were significantly more stable (Figure
2A), although still displaying much more turnover than
Grutzendler et al. [3] observed. So it is possible that dif-
ferences in stability might correspond to morphological
differences, with formation of a head representing sta-
bilization of a synaptic connection, while more filopo-
dia-like spines without heads might represent nascent
or ‘trial’ connections which could mediate structural
plasticity. Performing similar experiments, but with
either a functional indicator or a synaptic protein fused
to GFP, might elucidate when protrusions are actually
forming synapses, as well as extending observations of
synapse stability to the many other connections that do
not happen to occur on dendritic spines.
The differences in stability might also be attributed to
differences in the developmental stage between the
two cortical areas. This is unlikely, however, as
Grutzendler et al. [3] observe a greater degree of spine
stability in the visual cortex at one month of age, the
peak of the critical period for the mouse visual cortex
[13], than Trachtenberg et al. [2] observe in 6–10 week
old mice, beyond the critical period for barrel cortex
[4,12]. But it would be interesting to look at the degree
of spine plasticity in the barrel cortex of much older
mice and see how this compares with the results
Grutzendler et al. [3] obtained from looking at 4 and 10
month old visual cortex.
The different degrees of spine plasticity thus seem to
represent real differences in the level of spine plasticity
between the visual and somatosensory cortex. The high
rate of turnover seen in the somatosensory cortex
implies a continual sampling of presynaptic inputs
whose number is limited by stability at the level of den-
dritic branches. The stability of dendritic spines in visual
cortex suggests that any plasticity is at the level of
synaptic function, and that connectivity does not alter
significantly in the adult, while barrel cortex can take
advantage of new synaptic partners by spine turnover.
These differences in adult cortical plasticity may be
determined by different developmental processes that
determine the number of actual connections made from
a pool of potential presynaptic partners. This ‘filling
fraction’ [14] could limit the degree and mechanisms of
plasticity in the mature brain — if a dendrite has already
contacted all possible pre-synaptic partners in the
vicinity, there is nothing to be gained by searching for
further connections.
On the other hand, sustained plasticity in the barrel
cortex may be required because of external influences
on whiskers, such as whisker trimming, or ‘barbering’
by conspecifics [15], while sensory input into visual
cortex would be inherently more stable. In accordance
with this, a simple whisker-trimming protocol can alter
receptive fields in adult barrel cortex [16], whereas an
analogous monocular deprivation protocol does not
affect ocular dominance in the adult visual cortex [5],
suggesting a greater degree of plasticity in mature
somatosensory cortex.
Many questions remain to be answered. How would
adult visual cortex respond to modulation of sensory
input? Do new spines that appear become part of the
stable pool, or are they generally transient? Do non-
spine synapses display similar turnover? Can we gen-
eralize either group’s finding to other regions and layers
of cortex? And, perhaps most importantly, what are the
molecular and functional correlates of spine stability?
These two breakthrough studies [2,3] are sure to open
new doors to understanding how the brain learns,
adapts, and recovers from injury.
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